The triple-α-particle breakup of states in the triple-α continuum of 12 C has been investigated by way of coincident detection of all three α particles of the breakup. The states have been fed in the β decay of 12 N and 12 B, and the α particles measured using a setup that covers all of the triple-α phase space. 
The triple-α-particle breakup of states in the triple-α continuum of 12 C has been investigated by way of coincident detection of all three α particles of the breakup. The states have been fed in the β decay of 12 N and 12 B, and the α particles measured using a setup that covers all of the triple-α phase space. Contributions from the breakup through the 8 Be(0 + ) ground state as well as other channels-interpreted as breakup through excited energies in 8 Be-have been identified. Spins and parities of 12 C triple-α continuum states are deduced from the measured phase-space distributions for breakup through 8 Be above the ground state by comparison to a fully symmetrized sequential R-matrix description of the breakup. At around 10 MeV in 12 C, the breakup is found to be dominated by 0 + strength breaking up through the ghost of the 8 Be(0 + ) ground state with L = 0 angular momentum between the first emitted α particle and the intermediate 8 
I. INTRODUCTION
Recent technological developments, in particular in the field of radioactive beams, has allowed many aspects of nuclear structure, including the study of cluster structures [1] , to be reassessed. One of the open questions that has attracted recent interest is the resonances in 12 C with pronounced α-particle structure, in particular the 0 + and 2 + states above the Hoyle state. It has become clear that the third 0 + state (0 + 3 ) is situated at 10-to 11-MeV excitation energy [2] [3] [4] although a consistent picture incorporating all data is still not established. Furthermore, the properties of the second 2 + state (2 + 2 ) remain unclear. Recent theoretical calculations indicate that it should lie in the same energy range as the 0 + 3 state; see Refs. [5, 6] and references therein. Quite apart from the nuclear physics interest, the exact position of the 2 + 2 may influence the triple-α reaction rate in stars [7] [8] [9] [10] .
Two factors make the unraveling of the 12 C spectrum above the 7.275-MeV triple-α threshold particularly challenging. The first is the broad profiles of some of the 12 C resonances that makes it hard to single them out in even the most selective spectra. The second is the very high α-clustering present in * cd550@york.ac.uk all relevant 8 Be ("double-α") states, implying that all these states couple strongly to the continuum. This further broadens the features in the experimental spectra and makes it harder to distinguish-both experimentally and conceptually-between sequential and direct breakup mechanisms. The experimental challenge is that with the intermediate 8 Be states being broader than the typical α energies, even a strictly sequential breakup through such states may-depending on the spin of the involved states-cover large regions of the triple-α phase space, resembling a direct breakup. Conceptually, the description of the breakup is further complicated as the breakup may not be strictly sequential or direct but lie in between the two extremes. This question arises in general for three-body final states (see Ref. [11] for other recent examples) but is even more challenging here because the three final-state particles are identical.
However, the experiment benefits from several properties of the states and decays involved. First, as the α particles are spin zero particles and furthermore are identical, the number of partial wave combinations allowed in the breakup is very limited. Second, the level density is relatively low for 12 C as well as for the intermediate 8 Be nucleus in the region of interest. For 12 C the density of populated levels is further reduced by the selectivity of the β decay, which from the 1 + ground states of 12 N and 12 B populates only the 0 + , 1 + , and 2 + states of 12 C. A complete kinematics experiment therefore allows sufficient information to be extracted to distinguish many features of the decay [12] [13] [14] , but we note for later use that the distinction between sequential and direct breakup [15] can in some cases be experimentally very subtle [16] . We can therefore employ R-matrix parametrizations as acceptable first approximations of the decay spectra; this will be used in the simulations below. The present article reports on a complete kinematics experiment with coincident detection of the three α particles emitted following the β decay of 12 B and 12 N; a more complete account can be found in Ref. [17] . After a description of the experimental setup in Sec. II, the main features of the analysis procedures are given in Sec. III. The following sections report on the main results that can be extracted exclusively from these data, i.e., identification of the decay mechanisms and decay channels and a determination of the spin of the contributing 12 C resonances based on the observed energy and angular correlations. The latter analysis relies heavily on Dalitz plots and extensive simulations of the decay. The two main limitations of the present experiment, an energy threshold more than one MeV above the Hoyle state and a detection efficiency that depends on the decay pattern, can be overcome in total absorption experiments where the total triple-α energy is measured directly. However, these suffer from lack of knowledge of the decay sequence. The optimal strategy is to combine the two approaches to obtain a more consistent picture of the decay and part of the present data therefore has been combined with data from a total absorption experiment. Separate publications report these results: An analysis of the absolute branching ratios can be found in Refs. [18, 19] and an R-matrix fit of the total data sets is in progress. We shall refrain from attempting a partial fit of the present data alone, because the Hoyle state that lies below our detection threshold is known [2] to have a substantial effect on the spectra up to several MeV above its nominal position. That seemingly narrow levels can contribute in this way will be shown in the present article to be the case also for the 8 Be ground state.
II. EXPERIMENTAL SETUP
As in previous experiments [2, 8, 12] , we have in the present measurement made use of the β decay of 12 B and 12 N to populate 12 C states of spin and parity 0 + , 1 + , and 2 + exclusively ( Fig. 1 ). This is done to cope with the presence of other states in this energy region [20] , many of which were populated in the previous inelastic-scattering experiments [3, 4, 13, 21, 22] . The populated resonances above threshold can all decay to three α particles, and the triple-α breakup of these states is measured using a segmented detector setup as shown in Fig. 2 , similar to the approach in our previous experiments. The present experiment goes beyond the preceding in several ways; first, by combining detection of β-delayed triple-α breakup from 12 B and 12 N in a single experiment. The different β-decay Q values imply that the β-decay phase spaces for the two decays each weight the populated 12 C states differently, resulting in two complementary 12 C energy spectra. Second, in the previous experiments it was possible only to detect triple-α breakup through low energies in 8 Be, that is, through 
FIG. 1. States in
12 C with β-decay feeding according to Ref. [20] . Recently an improved set of branching ratios have been published [18] . 034316-2 the 8 Be ground state 92 keV above the α-α threshold [2] . For non-ground-state energies in 8 Be only detection of double-α coincidences was possible [12] . The present experiment is therefore designed to detect breakup of the 0 + and 2 + states through excited energies in 8 Be. As will become clear in the following, the distinction between ground-state and nonground-state energies is evident experimentally. However, we cannot at this stage assume that a 8 Be excited state plays a role in the breakup, and "excited energies" should therefore be understood only as an observational feature. With the present data we will therefore be able to check the assumption that the 8 Be(gs) breakup channel dominates for the 10.3-MeV 0 + strength and in general investigate the properties of the breakup channels for 0 + as well as 2 + states in 12 C. Third, the present measurements yield absolute branching ratios for individual states and energy regions in both β decays thereby quantifying the isospin (a-)symmetry in the decays. These results are, however, given elsewhere [18] .
The experiment was performed at the IGISOL facility in Jyväskylä, Finland [23] , which is the only facility where ISOL beams of both 12 N and 12 B are presently available. The two isotopes were produced by the 12 C(p,n) 12 N and 11 B(d,p) 12 B reactions, with a 28-MeV 25-µA proton (10-MeV 10-µA deuteron) beam impinging on a 1400-µg/cm 2 (500-µg/cm 2 ) target of natural carbon (boron). After mass separation the yield was 300 ions/s (4000 ions/s). With an energy of 25 keV the beams were implanted in a 33-µg/cm 2 carbon foil of 20-mm diameter surrounded by three double-sided silicon strip detectors (DSSSDs) in a compact geometry setup (Fig. 2) . With this setup, the three detectors cover the complete three-particle phase space, which yields an increased sensitivity to breakup through excited energies in 8 Be. All three detectors are constructed from 50 × 50 mm 2 Si wafers of thicknesses close to 60 µm, enough to stop the α particles of interest. On the front (back) side they have a thin p-type (n-type) doped layer separated in 16 3.0-mm strips on each side giving a dead layer equivalent to 100 nm silicon. The two detectors facing each other are of a newly developed design [24] where the aluminum contacts are formed as a grid covering only 2% of the active area of the strips to avoid an additional dead layer. However, the DSSSD facing the beam has a total dead layer of 630 nm silicon equivalent because of the contact layer on top of each strip.
All three strip detectors are backed by a 1-mm-thick silicon β detector, in addition to which a germanium γ detector is used for detection of the 4.44-MeV γ from population of the first excited state in 12 C. This allows an absolute normalization of the branching ratios to the individual states observed and is discussed in detail elsewhere [18] A. Calibration
Three different α sources are used in the calibration to ensure that all systematics are under control. A 148 Gd source and a
241
Am source are used for the actual calibration, while a 20 Na source is used for testing the calibration as well as the setup geometry and the dead layer corrections derived from this geometry. These three sources cover the range of α energies from about 2 to 5.5 MeV [25, 26] . The 20 Na source is produced online using the 24 Mg(p,nα) 20 Na reaction at a proton energy of 40 MeV. After separation the ions (approximately 2000 ions/s) are implanted in the carbon foil (Fig. 2) at the same secondary-beam energy as 12 N and 12 B. The source positions relative to the detectors are found from the spatial distribution of the α particles hitting the detectors [27] . This is done for the off-line sources as well as for 20 Na. For the latter the spatial analysis furthermore determines the position of the detectors relative to the foil, which is needed for the analysis of the 12 N and 12 B decay data. For the calibration, an effective energy position for each α group as detected by a given pixel is found by calculating the dead layer corrections pixel-by-pixel as done in Ref. [27] . For each strip the effective energy position is then found by weighting the results for each pixel according to the relative intensity in the pixels. For the calibration test as well as for the 12 N and 12 B data analysis, the energy losses in the foil as well as in the detector dead layer are corrected for on an event-by-event basis. The corrections are in all cases done using the SRIM2003 program package [28] .
The 20 Na calibration test agrees with the known α lines [26] to within 10-20 keV. The single α energy FWHM resolution is 70 keV. No systematic energy dependence in resolution is seen in any of the strips included in the analysis. The measured relative branching ratios of the eight α groups used are consistent with those given by Ref. [26] but have fewer statistics.
III.
12 N AND 12 B DECAY DATA
To discriminate between α-particle hits and low-energy background in the form of either electronic noise or β response, a low-energy threshold higher than the data acquisition threshold is introduced in the data analysis. The threshold is set individually for each strip according to the noise levels in that particular strip and is in general lower for the 12 B data than for 12 N. These cutoffs are chosen so low that for the lowest energies more than 90% of the accepted signals are background. This is done to maximize the acceptance of the cutoff and is reasonable because additional background suppression is introduced subsequently. As for the low-energy cutoffs the trigger levels are lower for the 12 B data than for the 12 N data.
Typically more than one strip is hit by an α particle, and the front-back energy difference is used to identify matching frontback pairs, thereby determining the position of each hit. For such a hit a maximal energy difference of 80 keV is accepted.
A. Triple-coincidence spectra
Each of the three detectors covers roughly 10% of 4π solid angle, and 9 of the 96 strips were excluded, either because they were dead, because they were partly shaded by the foil holder (Fig. 2) or because of bad resolution or nonlinear energy response. With the remaining strips, however, we can detect all three α particles in coincidence, with an efficiency of 1-4% depending on the kinematics of the breakup. The recoil of the nucleus in the β decay depends on the Q value of the decay but has in none of the measured decays an average momentum of more than 5 MeV/c corresponding to a kinetic energy of 1 keV. The laboratory system therefore coincides with the center of mass for the three emitted α particles, for which reason the total momentum of the three α particles can be used to discriminate between triplecoincidence events where all three hits are α particles from a single β-delayed breakup and false coincidences where one or more of the three identified hits is background being either low-energy background or a randomly coincident α particle from a different decay event. In some events (0.7%) more than three hits are identified, resulting in more than one possible coincidence triplet, in which case the triplet with the lowest sum momentum is taken as a potential triple-α coincidence event. As shown in Fig. 3 the triplet is furthermore required to comply with the cutoffs: E sum > 1 MeV and p sum < 15 MeV/c + 20 E sum /c and p sum < 80 MeV/c. For further details of the analysis, see Ref. [17] .
The total triple-coincidence data is shown in Fig. 4 for 12 N as well as 12 B β-delayed breakup. The plots are scatter plots of the deduced 12 C energy versus the three individual α-particle energies as used previously in the analysis of β-delayed 2p decay data in Ref. [29] . In these plots, a single event yields three dots on a horizontal line. When the breakup proceeds through the narrow 92-keV ground state in 8 Be, the relation between the energy in 12 C and the kinetic energy of the first emitted α particle is:
which is clearly visible in the data along with the average energy of the two remaining α particles, following a line of slope 6. Both linear relations are indicated in Fig. 4 . In these scatter plots, many of the physical properties of the breakup can be seen at first glance. One aspect is the very pronounced structure around 11 MeV in 12 C clearly decaying through the 8 Be ground-state channel and in addition to this the 12.7-MeV 1 + state in 12 C evident not only in the 12 N data but in the 12 B decay as well. The fact that it is a 1 + state is immediately apparent, because it cannot decay through the 8 Be 0 + ground state (conservation of spin and parity) but must decay through another channel, seen by the completely different sharing of the energy between the three α particles as investigated in detail in Ref. [12] . A third group of breakup events is also seen around 11 MeV in 12 C with a broad distribution of α energies around 1.5 MeV. This is the breakup through excited energies in 8 Be. Also above the 12.7-MeV 1 + state some indication of breakup other than through the 8 Be(gs) channel is seen. To directly see the improvement in detection efficiency in this experiment for excited energies in 8 Be, compare the 12 B data to Fig. 3 of Ref. [2] . The 7.654-MeV Hoyle state is not seen in any of the data sets because of low-energy cutoffs.
To distinguish between the 8 Be(gs) channel and other breakup events, it is useful to reconstruct the 8 Be energy from the kinematics of the breakup. As argued in Refs. [2, 17] , sensitivity to the experimental resolution is minimized when reconstructing the energy from the relative momentum of the two low-energy α particles (denoted particle 2 and 3):
following the notation of Ref. [30] . This energy distribution is shown in Figs. 5 and 6 for the 12 B and 12 N decay data, respectively. All events within 60 keV from the physical energy of the 8 Be(gs) are considered ground-state breakup events, whereas events above 200 keV must originate from another mode of breakup. This breakup mode will be investigated in detail in Secs. IV and V.
B. Spectra for breakup through the 8 Be ground state
As a first step, however, we will look at breakup through the 8 Be ground state and investigate the corresponding β-delayed triple-α spectra. To handle triple-coincidence detection efficiencies correctly, Monte Carlo simulations are necessary. These can be divided into three important steps; first, a physical description of the breakup process; second, the effects of the experimental setup; and, finally, the consequences of the data-analysis procedures as applied to the experimental data. For β-delayed breakup through the 8 Be(gs) channel, the physical description of the breakup is straightforward. The breakup is sequential and because the beam of β-decaying nuclei is not polarized and the intermediate 8 Be(gs) has spin 0, the two subsequent breakups are isotropic. The kinematics therefore depend on the 12 C energy alone. Regarding the experimental setup, the depth distributions of the implanted ions in the carbon foil are simulated using SRIM2003, and with the assumption that the beam profile is Gaussian the beam-spot size is determined to be in the range of 1 to 2.3 mm from comparison of simulated and measured momentum distributions and reconstructed 8 Be energy distributions (for details see Ref. [17] ). With these assumptions on the spatial characteristics of the decaying nuclei, energy loss corrections are made with SRIM2003 and the detector response is calculated taking into account the uncertainties in setup geometry as well as energy resolution. Simulated data events are then saved as raw data to allow use of exactly the same analysis procedures for simulated data as were used for the physical data, ensuring that low-energy cutoffs, trigger levels, and other constraints are identical in the analysis of physical data and simulated events.
In steps of 100 keV, the efficiency is found with 10 detection efficiency is shown in Fig. 7 for both 12 N and 12 B data. The difference seen when comparing 12 N and 12 B coincidence efficiencies-most pronounced around 3-4 MeV-stems primarily from the different trigger levels used in the two parts of the experiment. For the 12 B-decay measurement, trigger levels lower than in the 12 N-decay measurement were achieved, giving rise to the deviating detection efficiencies. The effects from the uncertainty in beam-spot size introduce a relative uncertainty of 5-20% in the absolute values of the efficiency, lowest at low energies. The uncertainty in the shape of the efficiency is, however, modest.
The measured β-delayed triple-α spectra for breakup through the 8 Be(gs) channel from 12 N and 12 B β decays are shown in Fig. 8(a) , corrected for the different β-decay phase-space factors in the two decays. When furthermore corrected for the simulated detection efficiencies [ Fig. 8(b) ], the two spectra are consistent in the measured position and shape of the 10.3-MeV strength, indicating a high degree of isospin symmetry in the two decays. The fact that the difference in detection efficiencies so well accounts for the deviation of the 12 N with respect to the 12 B spectra [ Fig. 8(a) ] shows that the effect of the trigger levels on the shape of the measured 12 C spectrum is well understood. 
IV. BREAKUP DATA FOR 12 C STATES
As described in the preceding section, the distinction between breakup through the 92-keV 8 Be ground state and other modes of breakup is evident experimentally. We will in the following refer to the latter group of decays as breakup through excited energies in 8 Be. The breakup patterns are shown in Fig. 9 . The full extent of the broad α group around 11 MeV in 12 C is now evident, as opposed to what was seen in the similar spectrum for the full data set (Fig. 4) . Note that for the time being these events are not attributed to a specific breakup channel, because we cannot a priori claim to know that an excited state resonance of 8 Be is playing a role here. The statement "excited energies in 8 Be" should therefore be seen as an observational feature-that the reconstructed 8 Be energy is significantly higher than the 8 Be ground state-rather than a claim about the physical nature of the breakup. The 12 C-energy distributions for this breakup channel are also found by projecting the spectra in Fig. 9 onto the sum energy axis and are shown in Fig. 10 . The different modes of breakup for this part of the data will be the main focus of the following sections.
A. Phase-space distributions
A thorough analysis of the breakup of the 12.7 MeV 1 + state of 12 C has previously been published [12] . This study showed that the breakup could be successfully described as a resonant breakup through the 3 MeV 2 + state of 8 Be if the intermediate state was properly described in a fully symmetrized R-matrix model. The direct-breakup model [32] , however, could not reproduce the data. Keeping this in mind, we will in Sec. V attempt to describe the measured breakup using an R-matrix description of the intermediate 8 The restrictions from the symmetry are imposed on the breakup through the identical nature of the three α particles (J π = 0 + , T = 0). For different 12 C T = 0 states-as relevant for the present analysis-the symmetry is defined by the spin parity of the decaying state. A corresponding analysis of the breakup to the three-pion continuum can be found in Ref. [33] . Because of the different nature of the α particles and pions, three-pion breakup of T = 3 states of one parity corresponds to triple-α breakup of T = 0 states of the opposite parity. Using this analogy, it is seen from Ref. [33] that the symmetry imposes constraints on the breakup of the 12.7-MeV, J π = 1 + , T = 0 state of 12 C. For the 12.3-to 12.9-MeV region of Fig. 11 , the symmetry therefore excludes the (x,y) = (0, 0) point from the Dalitz plot as well as the two straight edges indicated in the figure. For 12 C 0 + and 2 + states, however, no such constraints are imposed on the breakup distributions. The effect of the involved intermediate 8 Be state in a sequential description of the breakup is the following: First, the angular correlations as introduced through the spin of the intermediate state and the angular momentum of the first breakup. This is a major effect as will become clear through the following sections. Second, the energy of the intermediate state determines a preferred region of the Dalitz plot, as described in Ref. [13] . The narrower the intermediate state is compared to the total available energy in the triple-α breakup, the stronger is the effect of this on the phase-space distribution. Third, where the states are broad-and because of threshold effects possibly even asymmetric-the shape of the intermediate state comes into play. This is crucial in particular for breakup through the ghost of the 8 Be ground state (Sec. V C) and is properly accounted for only when the energy-dependent width of the state is included in the description of the intermediate state, such as is done through for instance R-matrix theory. It is, however, not necessary in the R-matrix description to include interference with higher-lying background levels in 8 Be that potentially could change the shape of the 0 + ground 034316-6 In the following we will, for different 12 C energies, investigate which parts of three-particle phase space dominate the breakup. The data is therefore binned as indicated in Fig. 10 . For these bins we plot the individual α energies relative to the maximum kinematically allowed α energy:
E sum ) as seen in Figs. 11 and 12 . An even better way to describe the phase-space distribution is using the two dimensional Dalitz plot [34] where the horizontal and vertical positions in the plot are defined from the α energies as:
respectively. These distributions are also shown in Figs. 11 and 12, where the indicated region is the kinematically allowed region of phase space for breakup into three identical particles [34] . The Dalitz plots in Figs. 11 and 12 are for convenience made with the convention E 1 > E 2 > E 3 , whereas in the original plot by Dalitz, the convention E 1 > E 3 > E 2 was used with the exchange of E 2 and E 3 in the definition of x and y. Data points close to the tip of the region (left) are events with an equal sharing of the energy between the three emitted particles, whereas the points close to the upper right corner correspond to E 3 ≈ 0 and the lower right corner have
E sum , the highest possible energy for an individual α particle. Shown are the background estimated from energy and momentum cutoffs applied to the data as described in the text (solid line) as well as background estimated using event-mixed data (dashed line). The event-mixed data is scaled by comparison to the data as described in the text.
B. Background estimates
The background intensity and its energy and phase-space distributions have first been estimated from data using the plot of sum-momentum versus sum-energy shown in Fig. 3 . The background coincidence events are not expected to comply with momentum conservation by default, and we therefore apply an energy-momentum cutoff similar to that used for the coincidence-event identification but shifted to higher momenta (above 80 MeV/c). With this cutoff, we get the energy distribution shown in Fig. 13 (solid line) . The background energy distributions and intensities thus found have been tested using event mixing, where two α particles from one event have been combined with a third α particle taken at random from a different breakup event in the data. The energy spectrum estimated in this way is scaled by comparing the actual data and the event-mixed data just outside the region of sum-momentum and sum-energy accepted as true triple-α coincidences (Fig. 3 ). This yields a slightly lower background estimate compared to that given above but lends support to the energy distribution as well as the approximate scale. The difference between the two on an absolute scale is not surprising, as the phase space at sum momenta of 80-160 MeV/c is larger than that of the 0-80 MeV/c region, giving rise to a possible overestimation of the background when using the first method. With these spectra in hand and comparing to Fig. 10 we estimate that even for the weak 8 Be excited-energy breakup channel, the background is less than 10%, a conclusion which is furthermore confirmed by investigation of the Dalitz plots for the event-mixed data where it is seen that the phase-space distributions of the event-mixed data differ significantly from the distributions of the real data and can therefore at most describe 10% of the data in each sum-energy bin and for most energies significantly less. To properly take into account the effect of background we will in the following quantitative analysis of phase-space distributions (Sec. V D) include a small background contribution to the phase-space distribution as estimated from the event-mixed data.
V. BREAKUP SIMULATIONS AND ANALYSIS
For breakup through excited energies in 8 Be as for breakup through the 8 Be ground state, there are three components to the Monte Carlo simulations necessary to handle detection efficiencies properly; a physical description of the breakup process, the impact of the limited spatial coverage of the setup, and the effects of cutoffs and thresholds introduced in data taking and analysis. Of these, the latter two are handled as for breakup through the 8 Be ground state (Sec. III B). The physical description of the breakup, however, is fundamentally different. Following Refs. [12, 35] we describe the breakup in a fully symmetrized R-matrix model with the only difference being the assumed spins and angular momenta as a consequence of our investigation of 0 + and 2 + states. All investigated combinations of spins and angular momenta will be discussed in detail in the following sections.
In Fig. 14 an overview of the differences in detection efficiencies as estimated from the breakup simulations are shown. As is seen here, the detection efficiency may-depending on the phase-space distribution and thereby depending on the breakup channel-differ by as much as 25% relative to the average of all breakup channels. The breakup channels shown are for different assumptions on 12 Global ave. Global ave. The physical three-particle phase-space distribution for 12 C breakup through the 8 Be(2 + ) excited state is found using a fully symmetrized sequential R-matrix description as done in [12, 35] , where the J π ( 12 C) = 1 + state emits an L = 2 α particle leaving the remaining two in the J π ( 8 Be) = 2 + excited state of 8 Be. The energy and width of the 8 Be(2 + ) state is here taken to be E 2+ = 3.03(1) MeV and 2+ = 1.513 (15) MeV from Ref. [31] with the most significant measurement being that of Ref. [36] , whom we also follow in using a channel radius of 4.5 fm. The three-body amplitude is then symmetrized and the resulting phase-space distribution is sampled using the von Neumann sampling method [37] . With the events distributed according to the simulated distribution, the effect of setup geometry, thresholds and data analysis is evaluated for each simulated event, and the event is rejected if a corresponding data event would have been rejected.
In Fig. 15 the result of such a simulation is shown. This simulation is performed for 10 7 physical breakup events yielding in total 1.864(4) × 10 5 detected triple-coincidence events corresponding to an efficiency of 1.86%. It is clear that the overall properties are reproduced in the Dalitz plot as well as in the X α plot. The small negative bias in the y value of the Dalitz plot of about −0.08 compared to the data shown in Fig. 11 (excitation energy 12.3-12.9 MeV) indicates that we should not expect the agreement between data and model to be better than that for the 12 C 0 + and 2 + state breakups and suggests that a binning coarser than that of the shown Dalitz plots should be used if a bin-by-bin comparison between data and simulation is intended. For further details of the Monte Carlo simulations, see Ref. [17] . Fig. 16(a) . Before making a quantitative comparison of the simulated Dalitz plots and the corresponding experimental data [ Fig. 16(c) ], we will consider the overall picture from what can be seen by eye. What we should look for in the comparison is not the overall scale of the distributions but in which parts of the Dalitz plots the intensity is located, i.e., which parts of phase space dominate the breakups.
The most pronounced structure seen in the simulations [ Fig. 16(a) ] is the fact that L = 2 simulations are strongly peaked at the origin of the Dalitz plot, whereas the others, especially L = 0, show a more uniform distribution. It is therefore clear that neither of the L = 2 distributions can dominate the low-energy breakups, whereas J ( 12 C) = 2, L = 0 and J ( 12 C) = 2, L = 4 both resemble the data reasonably well. At higher energies the situation is quite the opposite pointing toward a significant L = 2 contribution at these energies. This is consistent with the fact that the angularmomentum barrier is enhanced for L = 2 compared to that of an L = 0 breakup.
C. Breakup through the ghost of the 8 Be ground state
In addition to breakup through the 8 Be 2 + excited state, another channel is in fact available for the breakup; the 8 Be ground state is important not only around its resonance 92 keV above threshold but also in the upper tail of the state. The shape of this tail is, as the energy increases, determined by the competition between the increasing denominator in the ground-state line shape and (in the numerator) the rapidly increasing penetration factor for the α-α breakup through the Coulomb barrier [38] [39] [40] [41] . This blown-up high-energy tail of the 8 Be ground-state distribution is what is known as the ghost of the 8 Be ground state. Though physically this is not a separate breakup channel, but rather is a part of the 8 Be-ground-state channel [2] , experimentally it will mix with the 8 Be-2 + channel and must therefore be considered separately in this context.
With this "excited state" of 8 Be an analysis similar to that of the preceding section can be made. The 8 Be spin J ( 8 Be) is now 0, requiring L = J ( 12 C). In addition to the difference in spins and angular momenta, the shape of the 0 + ghost is very different from that of the 2 + excited state because of the pronounced threshold effects affecting the 8 Be width and its energy dependence. The Dalitz plots for simulations corresponding to a 12 C spin J ( 12 C) of 0 and 2 are shown in Fig. 16(b) . When comparing these to the measured data [ Fig. 16(c) ], it is evident that, for the low-energy region, the simulation assuming breakup through the 8 higher-energy region, however, it is evident that neither of the two can represent a dominant contribution to the measured breakup, and we must therefore search among the simulations for J ( 8 Be) = 2.
D. Quantitative analysis of breakup channels
With this understanding of the overall picture, we are ready to proceed to a quantitative analysis of the data. The Dalitz plots shown in the preceding section all have a pixelation of 36 × 36. As noted in Sec. V A, however, the precision of the simulations does not justify such a fine binning of the Dalitz plots. For this reason, and because of the low statistics at most sum energies, the following comparison between data and simulations has been performed for a binning 6 times as coarse, yielding 36 pixels in total. Of these pixels 8 do not overlap with the region of the Dalitz plot obeying E 1 > E 2 > E 3 leaving 28 relevant pixels. The simulated distributions have been fitted to the data with one free parameter, a scale factor. In addition to these contributions from the simulated distributions, background components estimated from event mixing have been included, scaled as indicated in Fig. 13 . Because of the low statistics we furthermore use maximum-likelihood fitting and indicate the goodness-of-fit using the maximum-likelihood-ratio chi-squared value (χ 2 λ ). We subsequently evaluate χ = 2χ 2 λ − 2n d − 1, where n d under normal circumstances should be the number of degrees of freedom of the fits (here n d = 27 for one parameter fits). This variable will asymptotically follow a Gaussian distribution of width 1 and centroid 0 assuming the fit function is the true generator of the data. A high value of χ therefore corresponds to a χ -σ rejection of the fit [42] . With the low statistics that in many cases is about one count per pixel, the expectation value of χ 2 λ deviates, however, from the asymptotic result as noted in Refs. [43] [44] [45] . Here the authors give the The overall trends identified by eye are confirmed by the fitting. For the 9.3-to 9.9-MeV energy range, the trigger threshold severely affects our phase-space coverage, as events with an even sharing of the energy are lost. Because this region turns out to be crucial for distinguishing between the breakup for spin-and angular-momentum values [J ( 8 Be) = 2 state is much higher than that of the corresponding L = 2 breakup. As this breakup is not seen in the data at low energies it is highly unlikely that the L = 4 breakup should contribute, and we therefore exclude this channel at low energies. With this we conclude that the 9.9-11.7 MeV excitation energy region in 12 C for breakup through the excited energies in 8 Be, the data is dominated by 12 C 0 + strength with a possible contribution from 12 C 2 + strength. In either case, the breakup is well described as breakup through the 8 Be(0 + ,ghost) in a sequential fully symmetrized R-matrix model.
We subsequently fit the measured phase-space distributions assuming a combination of 0 + and 2 + contributions. In this we find individual fits to 12 N and 12 B to be consistent and in Table II we give the two contributions for the combined 12 N and 12 B data corrected for detection efficiency and furthermore give the estimated relative contributions from 12 C 2 + strength in this energy region and breakup channel.
In conclusion we do not find evidence of 12 C 2 + strength in the energy range 9.9-10.5 MeV, whereas for the 10.5-to 11.1-MeV range we see some evidence for it, with the data suggesting a 2 + contribution of 12 C energies in the range 9.9-11.7 MeV are shown. The ratio of 2 + to total 12 C strength in this breakup channel is given. Results are for combined 12 N and 12 B data and uncertainties are purely statistical. The uncertainty is denoted as "−lim" in cases where the result within one σ is consistent with zero. experimental resolution the 12.7-MeV 1 + state should spill into this energy region, as a very weak branch, this might be mistaken as a 12 C(2 + ) to 8 Be(0 + ,ghost) contribution because of the somewhat similar phase-space distributions of the two. This adds a negative systematic uncertainty to the estimated contribution of the 2 + strength in the 11.1-to 11.7-MeV energy region, emphasizing the interpretation as an upper limit.
2.
12 C energies above the 12.7-MeV state For the energy region above the 12.7-MeV state from 12.9 to 14.1 MeV it is evident from Table I that In Fig. 17 , we show data and simulations for the 14. β . This exceeds that found through the previously mentioned implantation experiment [18] by a factor of 10. We therefore conclude it to be unlikely that the breakup data in Fig. 17 should contain a significant contribution from the decay of the 15.1-MeV 1 + state. For further discussion of absolute branching ratios as deduced from the present experiment, see the detailed analysis in Refs. [18, 19] With breakup of the 15.1-MeV state excluded as a significant contribution to the measured spectra, the only realistic alternative is a combination of [2, 2, 2] and [2, 2, 4] breakup. We therefore in Table IV show 
VI. DISCUSSION
Summarizing the two main breakup channels-breakup through the 8 Be ground state and excited energies, respectively-we show the total number of breakups in Table V corrected for triple-α-detection efficiencies. For efficiency corrections of 8 Be(ex)-channel data, the average efficiencies as shown in Fig. 14 At the lowest energies below 10-MeV excitation energy, the contribution through excited energies of 8 Be is less than 10%, whereas at energies only 1-2 MeV above this, we see 20-30% contribution from this channel. As argued in the preceding sections, all breakups in this region could successfully be described as proceeding through the 8 Be(0 + ) state when including the contribution of the ghost of the state. The different energy dependence of the two breakup channels should therefore be attributed solely to the different energy dependence of the involved breakup penetrabilities. As the total width of the 0 + strength contributions to the measured breakup in this energy region, not only must the interference with a possible 2 + state in the 10-to 11-MeV region be considered but also the inclusion of the energy-dependent partial widths to all channels is essential.
As the analysis of spectrum shapes therefore requires the combination of the present data-for a full description of reaction channels-with decay data including decay through the Hoyle state, such an analysis lies outside the scope of the present article. For future reference, the raw data and average detection efficiencies for both reaction channels are instead made available [49] .
VII. CONCLUSIONS
With this we conclude that, at the level of detail allowed by present measurement, the observed breakup data are well described by the applied sequential model. Due to the broad nature of the 8 Be(2 + ) exited state, we expect only subtle differences between sequential breakup through this state and direct breakup. Only an experiment with significantly higher statistics would therefore be sensitive to the possibility of breakup of a more direct nature.
For the high-energy region (above the 12 C 1 + state at 12.7 MeV) we conclude that the observed breakup is dominated by the breakup of a 12 C 2 + state through the 3-MeV 2 + state of 8 Be as well as through the 8 Be ground state. In addition to this we may conclude that at these energies the breakup through the 8 Be 2 + excited state is well described by a d-wave (L = 2) component in the intermediate 8 Be + α system, though for the highest energies (above 14.7 MeV) some indication of a g-wave component (L = 4) is seen.
At energies below the 12 C 12.7-MeV state no indication of decay through the 8 Be 2 + excited state is seen and most decays proceed through the 8 Be 0 + ground state. We do, however, see a significant contribution from breakup through the ghost of the 8 Be ground state with distinct phase-space distributions. The 12 C strength contributing to the breakup through the 8 Be(0 + ,ghost) and thereby to the breakup as a whole is furthermore shown to be almost exclusively 0 + strength, in line with previous measurements. For the energy range of 10.5-11.1 MeV, however, the data are consistent with a 12 C(2 + ) contribution to the β-delayed breakup. This energy range is higher than that suggested by (α, α ) scattering experiments [3, 22] and is more in line with the 11.16-MeV state previously speculated to be of possible 2 + character [13, 50] .
These conclusions are consistent with those from the analysis of the breakup through the 92-keV 8 Be ground-state channel presented in Ref. [2] . The resulting spin assignments from the analysis of breakup through the 8 Be ground-state channel and the 8 Be non-ground-state channels can thereby be seen as independent tests of the 12 C state properties, first, because the data are statistically independent and, second, because the previous analysis was built on an understanding of the shape of the 12 C spectrum, whereas the analysis presented here focuses on the correlations between the three emitted α particles.
